Membrane fusion is the cell's delivery process, enabling its many compartments to receive cargo and machinery for cell growth and inter-cellular communication. The overall activation energy of the process must be large enough to prevent frequent and non-specific spontaneous fusion events, yet must be low enough to allow it to be overcome upon demand by specific fusion proteins (such as Soluble NSF Attachment Protein Receptors, SNAREs). Remarkably, to the best of our knowledge, the activation energy for spontaneous bilayer fusion has never been measured. Multiple models have been developed and refined to estimate the overall activation energy and its component parts, and they span a very broad range from 20 kBT to 150 kBT depending on the assumptions. In this study, using a bulk lipid mixing assay at various temperatures, we report that the activation energy of complete membrane fusion is at the lowest range of these theoretical values. Typical lipid vesicles were found to slowly and spontaneously fully fuse with activation energies of ~30 kBT. Our data demonstrate that the merging of membranes is not nearly as energy-consuming as anticipated by many models, and is ideally positioned to minimize spontaneous fusion while enabling rapid, SNARE-dependent fusion upon demand.
\body
Living organisms and cells are composed of different compartments delimited by a membrane. These compartments have their own function and integrity but nevertheless need to communicate with one another. A common pathway by which exchanges can occur between them is membrane fusion, a crucial process leading to the opening of a fusion pore connecting two compartments and allowing their respective contents to mix or react (1, 2) . The global effective activation energy of the process must be large enough to avoid frequent spontaneous membrane fusion events. Nevertheless, it must remain sufficiently low so that proteins like SNAREs (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) (3) (4) (5) are able to overcome it and induce fusion. If multiple models (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) have been developed and refined to estimate this activation energy, there is still a lack of experimental data to provide its actual value and validate these models. Activation energies have been reported between intermediate states of the fusion process (17) or with non-phospholipid surfactants (18) . They were obtained with non-spontaneous fusion triggered by an external source such as osmotic pressure or mechanical shear.
Here, by using a minimal membrane model system, we show that the activation energy of complete and spontaneous membrane fusion is in the lowest range of the predicted values. Lipid vesicles composed of POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) or DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) were found to slowly and spontaneously fully fuse with respective activation energies of 26.4 ± 1 k B T and 34.3 ± 0.8 k B T. Our data demonstrate that the merging of membranes is not as energyconsuming as anticipated in the early models.
While key aspects of the transition states remain unclear, lipid bilayer fusion likely involves intermediates (19) and is therefore kinetically complex. With this in mind, we take a more global view, in which kinetic complexity and molecular rearrangements are averaged to enable a simple experimental approach to measure activation energy by population analysis. Working in bulk with small phospholipid vesicles that undergo random Brownian motion provides an ideally controlled minimal system to monitor fusion on a large scale. Vesicles collide and, on very rare occasions these collisions are sufficiently energy-yielding to trigger fusion. When fusion is intentionally triggered by proteins like SNAREs or physico-chemical factors such as osmotic pressure, conditions are invariably chosen to minimize the rate of this spontaneous fusion so the fusion signal resulting from these rare spontaneous events is negligible. (3, 20) In principle, at high collision frequency, these fusion events can become numerous enough to be observable. Hence, to observe and quantify spontaneous fusion, we chose to use a classical bulk fusion assay with increased collision rate by working at high vesicle concentration with refined analysis.
Fusion among ~ 60 nm diameter phosphatidylcholine (PC) vesicles at 37 °C was monitored using a wellestablished lipid mixing assay(21) (Methods). Briefly, two sets of vesicles were mixed together. One set of vesicles contained two types of fluorescent lipids tagged with either NBD (7-nitro-2-1,3-benzoxadiazol-4-yl) or Rh (lissamine rhodamine B). These fluorescent lipids were present at concentrations at which NBD is largely quenched by Rh through FRET (Förster resonance energy transfer). The other set of vesicles were not fluorescent. When a fusion event occurs between a fluorescent vesicle and a non-fluorescent vesicle, the mixing of their lipids leads to dilution of the dyes in the resulting combined membrane. This dilution is associated with a decrease of FRET and can be experimentally observed as an increase in NBD fluorescence which, when monitored in bulk, directly yields the number of fusion events per second, i.e. fusion speed.(3) To optimize the collision rate, vesicles were incubated at unusually high concentrations (18 mM PC). The results presented in Fig 1A show that lipid mixing was indeed readily observed, suggesting that detectable fusion-like events were occurring in the vesicle solution on experimental time-scales (~1 hr).
Before quantifying the energies involved, the remaining difficulty was to determine what these events actually correspond to: are they full fusion, intermediate fusion states, or merely lipid exchange without fusion? To discriminate among these possibilities, we monitored lipid mixing of the inner leaflets only. The fluorescent-lipid containing vesicles were first pre-incubated with dithionite (Supplementary Methods), which quenches NBD's fluorescence as it chemically reduces the NBD groups on the external leaflet only because dithionite does not cross lipid bilayers (22) . Since the resulting vesicles only had fluorescent NBD in their inner leaflets (Fig. S1 ) any FRET changes resulting from incubation with the unlabeled vesicles could only be due to a dilution of their inner leaflet lipids, i.e. full fusion events, and not hemi-fusion (mixing of outer leaflets without inner leaflet fusion) or exchange of lipids between vesicles via their outer leaflets. Inner leaflet mixing was indeed observed at essentially the same rate as total lipid mixing (Fig. 1A) , implying that the vast majority of the FRET signal was due to full fusion. To independently confirm this conclusion, we observed the samples by cryo-electron microscopy following incubation (60 minutes at 37 °C). Stable, extended hemi-fusion structures are readily observable by this method (23) . However, we observed no such hemi-fusion diaphragms among the 4215 vesicles. Since FRET experiments show that ~2% of the vesicles have fused at the end of the experiment at 37°C (or 4% have hemifused), ~150 hemi-fusion diaphragms could have potentially been observed. This suggests that at least ~99% of the events led to full fusion ( Fig. 1B and supplementary text) . Taken together, the dithionite and cryo-EM results show that full vesicle fusion can result solely from spontaneous collisions in the course of Brownian motion and that, on the time-scale of our experiment, i.e. minutes, vesicles either remained intact or underwent complete fusion.
Thus, the process of spontaneous fusion among a large population of vesicles can be formulated as a two-state kinetic transition from two separate vesicles to a single vesicle because the lifespan of the intermediate states must be much shorter than the timescale of the experiment. This in turn establishes from a physical viewpoint that spontaneous fusion of vesicles represents a system to which Kramer's theory of reaction rates applies (24, 25) . In the over-damped limit of this theory, the transition rate, which here is the speed of spontaneous fusion, follows a simple Arrhenius-like expression: v=v0 exp(-Ea/kBT), where kB is the Boltzmann constant, v0 is the frequency factor which depends on many parameters including the collision rate and the density of defects on the membrane, and E a is an effective activation energy. The energy of the fusion process can thus be reduced to a single activation energy which corresponds to the height of the one energy barrier that must be overcome for full fusion to proceed, and would be crossed with the same probability as the actual, much more complex, energy landscape of the entire process. Since the Arrhenius law stipulates that the speed of spontaneous fusion increases with temperature in an Ea-dependent manner, we studied the fusion of POPC (1-16:0, 2-18:1 PC) and DOPC (di C18:0-PC) vesicles at temperatures, ranging from 27°C to 47°C ( Fig. 2A ) in order to determine their activation energies for fusion at 37°C, the physiological temperature. Since Ea and v0 may vary with the temperature in a logarithmic way compared to exp(-Ea/kBT) (24) (25) (26) , we chose a range of temperature that is small enough to remain close to 37°C and large enough to observe clear variations of the fusion speed.
Over this temperature range, the results showed that variations in the fusion speed are sufficiently large to accurately determine Ea at 37°C. The initial speeds of fusion were deduced from the initial slopes of the fusion curves (Supplementary Text). For both POPC and DOPC, the initial fusion speed varies with 1/T in an exponential manner, which a posteriori validates the Arrhenius-like dependence of the fusion speed (Fig. 2B) . The activation energy values were determined through independent fits of the different experiments (9 for POPC and 4 for DOPC): 26.4 ± 1.0 k B T for POPC and 34.3 ± 0.8 k B T for DOPC at 37°C (Fig. 2C , error bars are standard error on the mean). To ensure that these values were not affected by the rate of collision of the liposomes we performed the same measurements at lower concentrations, 6 mM and 12 mM, without any change in the resulting activation energies.
For a more complex reaction pathway to result in the same overall probability of transition to the fused state as a pathway with a single activation barrier, the E a deduced from the Arrhenius law in the simple two-state model must be larger than, or close to, any of the individual energy barriers that separate successive transient intermediate states in the more complex reaction process, as illustrated in Figure 3 .
Since most published models of the fusion process have focused on these proposed individual energy barriers, our results now make it possible to objectively evaluate the plausibility of these models. For both DOPC and POPC, we measured E a close to 30 k B T. Such a low value for the overall fusion process was never predicted but remains consistent with recently published coarse grained simulations (14, 16) in which there is no prior hypothesis concerning the fusion pathway, thereby allowing the predicted transition structures and activation energies to emerge directly. Our measured global E a is indeed larger than or close to these. According to Smirnova et al.(14) , 20 k B T are required for stalk formation while Ryham et al. (16) evaluated activation energies of 31 kBT (stalk) and 35 kBT (fusion pore). Thus, these predictions are compatible with our experimental measurements and may closely reproduce the reality of the fusion process at a molecular scale. The previous theoretical studies predicted E a much larger than 30 kBT, ranging from 43 to 170 kBT (10) . Therefore, the assumptions underlying these models seem unlikely to hold. An activation energy of ~30 kBT can also be related to the short-range interactions between membranes that were characterized in the 1980s by Rand and Parsegian(27, 28). Using osmotic pressure, they compressed lamellar phases while measuring their interbilayer separation distance (d). They found that the pressure decreased exponentially with d for all phospholipids:
This pressure results from the need to remove the bound water from the polar heads of the lipids as the distance shortens and/or from the entropic repulsion of the headgroups. The pre-factor P 0 and the decay (nonspecific) length  depended on the lipid composition but remained within the same range, 10 9 Pa and 0.15 nm respectively. Rand and Parsegian also observed that the lamellar phases were usually unstable when the distance was below ~1 nm, at which point an all-or-none transition to a non-lamellar phase occurred, which these authors suggested resembles the transition from unfused to fused states for vesicles. With these values, the surface energy required for the transition is of the order of 1 mJ/m (27)). Though the analogy between the two systems is clearly imperfect because there are many subtle uncontrolled aspects such as kinetics and membrane tension, this value would correspond to the cooperative unit of surface on which the future fusion pore will develop and is compatible. This size seems reasonable since it is compatible with the radius of the initial fusion pore is thought to be close to one nanometer(29).
Finally, 30 k B T is an ideal value to enable facile membrane fusion as directed on demand in living cells: it will not happen spontaneously between bare membranes, yet as soon as specific fusion machinery is in place, it will be easily triggered. Fusion between two given membranes is a stochastic event that occurs on average after a time = 0 exp(E a /k B T). Depending on the context (membranes, geometry), the prefactor is between 10 -10 and 10 -6 s. (24, 30) For E a =30 k B T, spontaneous fusion will occur between closely apposed phospholipid membranes after 15 minutes to 100 days (Supplementary Text). Therefore, at the relevant biological scale at which specific fusion occurs (seconds to minutes) it will very seldom happen. However, a single SNAREpin in place between the membranes will significantly lower the activation energy barrier and allow fusion to proceed on the biological timescale. For example, even assuming that the assembly of the linker domain in the C-terminal region of the cytosolic portion is the sole energy supplier for bilayer fusion, the reduction in activation energy will be ~10 k B T (31), so E a now becomes ~20 kBT which lowers the average time for fusion to the range 50 ms -5 min, depending on the pre-factor. This explains why a single SNARE complex can mediate many fusion processes in isolated systems.(32, 33) When more SNARE complexes are involved, the activation energy is correspondingly reduced and the time required becomes exponentially shorter. This increase in the number of SNARE complexes is necessary in specific cases such as neurotransmission in which synaptic vesicles must fuse with the presynaptic plasma membrane in less than a millisecond(34). This drastic time-scale change shows that our measured value for activation energy of ~30 kBT is an elegant balance that nature has made, preventing spontaneous fusion, thus allowing the cell to maintain distinct membrane-bound compartments, yet quickly overcoming this barrier when SNARE and other fusion-inducing proteins are put in place, thus enabling specific traffic among these compartments.
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Supplementary information SUPPORTING TEXT Estimate of the fraction of vesicles in hemifused state
After 60 minutes, ~3% of the vesicles underwent a full fusion-like event (Fig 1A) or equivalently ~6% underwent hemifusion. This percentage would represent ~150 (resp. ~300) vesicles that fused (resp. hemifused). Since we did not observe any hemifused vesicle among a total of 4215 (from 67 electron micrographs), the fraction of vesicles that underwent a fusion-like event and that are trapped in the extended-hemifusioned state is lower than 1%.
Surface energy for the transition from lamellar to non-bilayer phase
Using osmotic pressure, Rand and Parsegian(27) compressed lamellar phases while measuring their interbilayer separation distance (d). They found that the pressure decreased exponentially with d for all phospholipids:
They also observed that the lamellar phases were usually unstable when the distance was below d min~1 nm, at which point an all-or-none transition to a non-lamellar phase occurred.
To reach this intermembrane distance, it is necessary to mechanically work against the intermembrane pressure. Physically, this leads to a dehydration of the membranes. Thus, the surface energy for the transition is represented by the work of the interbilayer pressure when bringing the membrane from a large separation to the transition separation distance, i.e.:
exp d
With P 0 =10 9 Pa and =0.15 nm,
Hence, the activation energy we measure, Ea, corresponds to an area: Ea/Esurf = 30 kBT/0.2 mJ/m 2 =600 nm 2 . This size of this area is large enough to accomodate the initial fusion pore: radius ~1nm to which the thickness of two bilayers must be added, i.e a total diameter equal to ~12 nm corresponding to ~100 nm 2 .
Fusion and close apposition of membranes
Membranes that are far apart will never fuse. Hence, to spontaneously fuse, membranes need to come in close vicinity. This is what happens during collisions in bulk. Since collision times are short, the likelyhood of fusion per collision is extremely low. However, in cells, membranes are often kept in contact by specific factors that tether them together. Pure phospholipid membranes also spontaneously adhere through van der Waals interactions at equilibrium distances of the order of a few nm(35). When the membranes are thereby held in proximity to one another, fluctuations make them constantly collide and, on average, fusion will occur after a time = 0 exp(E a /k B T). The pre-factor includes the specific features of each system, including the intermembrane distance.
SUPPORTING METHODS
Vesicle preparation vesicles were prepared by drying the lipids (Avanti Polar Lipids), which were dissolved in chloroform, under nitrogen in a glass tube, submitting them to vacuum for more than two hours, and finally resuspending them in a buffer solution (25mM HEPES, 100mM KCl, pH=7.4) to have a total lipid concentration of 18 mM. The solution was then frozen and thawed five times before being extruded 21 times through 50nm polycarbonate filters (Avanti Polar Lipids). The final diameter of the vesicles was 63 ± 16 nm (Fig. S2 ). Vesicles were conserved overnight at 4°C under argon for stabilization of the membranes prior to experiment. The non-fluorescent vesicles only contained 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). The fluorescent vesicles contained DOPC (or POPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-PE) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PE) in the molar ratio of 97:1.5:1.5.
Total lipid mixing fluorescence assay
To monitor the lipid mixing occurring between vesicles during fusion, fluorescent and non-fluorescent vesicles were mixed together at a 1:7 ratio to reach a final volume of 56 μL. The 1:7 ratio was chosen to optimize the signal to noise ratio of the "fusion signal". For small ratios, the total fluorescent signal of the sample is very low (small number of fluorescently tagged vesicles) so the signal to noise ratio also is. For large ratios, the total fluorescent signal is high but the probability of a given fluorescent vesicle to encounter, thus to fuse, with a non fluorescent one is low. Hence, a larger fraction of the fusion events do not go along with a fluorescence dequenching and the signal to noise ratio is low. A control experiment was performed in parallel by replacing non-fluorescent vesicles by the same volume of buffer. The fluorescence was read from the bottom, at 538 nm for an excitation wavelength of 460 nm in a plate reader (SpectraMax M5e, Molecular Devices), with a transparent 96-well plate. The maximum fluorescence intensity (MFI) was obtained by adding 50μL of Triton 4% (v/v). In presence of Triton above its critical micellar concentration, the lipids initially present in liposomes are solubilized in detergent micelles. Provided that enough detergent is added (in order to have enough micelles to have only ~1 fluorescent lipid per micelle), FRET is no longer possible between NBD and Rho. NBD thus presents its maximal fluorescence intensity (MFI). To be sure that enough Triton was added, an extra 50uL of Triton 4% was added to the sample, without a significant change in the MFI. The experiments were carried at different temperatures between 27°C and 47°C.
Inner leaflet lipid mixing fluorescence assay
For the inner leaflet lipid mixing assay, 50μL of fluorescent vesicles at 18mM lipids were pre-treated at 37°C with 1μL of 1M solution of sodium dithionite (71699, Sigma Aldrich), to form a population of vesicles containing fluorescent NBD solely on the inner leaflet. As expected, after disappearance of the fluorescence from the outer leaflet, the NBD intensity was divided by two (Fig. S1 ). The end of the protocol is the same as for the total lipid mixing assay except that fluorescent vesicles were replaced by dithionite pre-treated fluorescent vesicles.
Data analysis
One of the difficulty of our approach was to accurately analyze the raw data to obtain the actual fusion speed. Theoretically, the MFI should correspond to the fluorescence intensity of NBD at infinite dilution (no FRET). Experimentally, the dilution is achieved by solubilizing the liposomes with detergent. Since the quantum yield of NBD is not the same in the presence and absence of detergent and, moreover, this difference is sensitive to temperature, the MFI values were all corrected for the temperature effect. To determine these corrections, we prepared vesicles containing sufficiently low fractions of NBD and Rho (0.001%) in liposomes for no FRET to be possible. Adding detergent hence did not increase the signal since no further dequenching took place. Due to the changed environment, the signal actually decreased and the relative decrease was not the same at different temperatures. This allowed to determine the correction factors needed to be applied to the MFI values in order to obtain the real maximal fluorescence (only related to the number of fluorescent molecules, and not to temperature). They are 1.71 ± 0.03 at 27°C, 1.73 ± 0.03 at 32°C, 1.79 ± 0.03 at 37°C, 1.80 ± 0.01 at 42°C and 2.01 ± 0.02 at 47°C. One can see that the effect of temperature is significant and not correcting the MFI's may alter the value of Ea. Then the control curve was subtracted from the sample curve and normalized by the corrected MFI value to make different experiments comparable. Fluorescence signals where then converted to fusion extents (completed cycles of fusion), as presented in Parlati et al.(36) . This was done by relying on a calibration curve linking the dequenching to different dilutions (see Parlati et al.) . This type of curve can be obtained by measuring the fluorescence of samples presenting various known and controlled fractions of fluorescent lipids -mimicking the result from different dilutions. Because the vast majority of events are full fusion events, these completed cycle of fusion can be directly converted to the percentage of vesicles initially loaded in the well that underwent fusion ( Fig.  1A and 2A) . The initial speed of fusion, in cycles of fusion per minute is then represented as the percentage of initially loaded vesicles that fuse per minute and is directly obtained as the slope of the final curve at t=0.
Electron microscopy
Vesicles were incubated at 37°C for at least 60 minutes. Other vesicles of the same batch where also kept at 4°C as control. The samples where then diluted to a lipid concentration of 3mM. Images were recorded under low-dose conditions with a FEI Tecnai20 laB6 electron microscope operating at 200 kV with a F416 CMOS camera (TVIPS, GmgH) 4096 pixel x 4096 pixel. The intended underfocus was set to -2 to -3 µm. Images of both conditions were collected at a nominal magnification of 11,500 and zoom-ins (magnification of 29,000) were performed when two vesicles where apposed, in order to see if they were hemifused. The size distribution of the vesicles is provided in Fig S2. Figure S1 : Dithionite incubation destroys the NBD of the outer leaflet only. Sodium dithionite at a concentration of 20mM (filled markers) or buffer (empty markers) was added after 7 minutes (black arrow) at 37°C to a solution of vesicles containing 1.5% of NBD-PE and 1.5% of Rh-PE on both leaflets. The twofold decrease of the signal after the addition of dithionite shows that half of the NBD florescence disappeared, which is consistent with a complete quenching of the NBD from the sole outer leaflet. Since the fluorescence signal after dithionite remains stable over 30 minutes, there is no significant translocation of lipid between leaflets during the time frame of our experiment. We obtained a size of 63 ± 16 nm, error being the standard deviation. This distribution ranges between 30 and 100 nm in diameter which suggests that curvature effect may impact our measurements. Hence, it is critical to ensure the fusion reaction we observe is not only due to a sub-population of the vesicles with specific diameters. This can be achieved by analyzing the slope variation in the fusion experiment. On average, we found that the slope decreases by ~10% of the initial slope (at t=0) after ~5% of the vesicles have fused (close to the end of the experiment in the fastest cases). The slope is proportional to the number of fluorescent vesicles accessible for fusion. Hence, a 10% decrease of the slope after 5% of the vesicles have fused means that 50% are involved in the fusion process. Even though these percentages are not precise because the slope variation is difficult to accurately determine, they mean that a significant fraction (tens of percent) of the vesicles are involved in the fusion process. This result shows that the fusion potent-vesicles cannot only correspond to a tiny sub-population. Thus, it can be considered here that the measured activation energy is actually that of vesicles having 60 nm diameter.
Supplementary figures captions
Because of the low percentage of fused vesicles (less than 5%, see caption of Fig. 1B) , no significant change in the size distribution can be observed at the end of the experiment. 
